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A B S T R A C T
Nitrogen (N) fertilizer represents a significant cost for the grower and may also have environmental impacts
through nitrate leaching and N2O (a greenhouse gas) emissions associated with denitrification. The objectives of
this study were to quantify the genetic variability in N partitioning and N remobilization in Indian spring wheat
cultivars and identify traits for improved grain yield and grain protein content for application in breeding N-
efficient cultivars. Twenty-eight bread wheat cultivars and two durum wheat cultivars were tested in field ex-
periments in two years in Maharashtra, India. Growth analysis was conducted at anthesis and harvest to assess
above-ground dry matter (DM) and dry matter and N partitioning. Flag-leaf photosynthesis rate (Amax), flag-leaf
senescence rate and canopy normalized difference vegetation index (NDVI) were also assessed. Significant
N×genotype level interaction was observed for grain yield and N-use efficiency. There was a positive linear
association between post-anthesis flag-leaf Amax and grain yield amongst the 30 genotypes under high N (HN)
conditions. Flag-leaf Amax was positively associated with N uptake at anthesis (AGNA). Under both HN and low N
(LN) conditions, higher N uptake at anthesis was associated with delayed onset of flag-leaf senescence and higher
grain yield. Under N limitation, there was a genetic negative correlation between grain yield and grain protein
concentration. Deviation from this negative relationship (grain protein deviation or GPD) was related to gen-
otypic differences in post-anthesis N uptake. It is concluded that N uptake at anthesis was an important de-
terminant of flag-leaf photosynthesis rate and grain yield under high N conditions; while post-anthesis N uptake
was an important determinant of GPD of wheat grown under low to moderate N conditions in India.
1. Introduction
Nitrogen (N) fertilizer represents a significant cost for the grower
and may also have environmental impacts through nitrate leaching and
N2O (a greenhouse gas) emissions associated with denitrification by soil
bacteria. Breeding of N-efficient cultivars is one approach to reduce N
fertilizer inputs while maintaining acceptable yields and grain protein
content (Foulkes et al., 2009). N-use efficiency (NUE) can be defined as
the grain dry matter (DM) yield (kg DM ha−1) divided by the supply of
available N from the soil and fertilizer (kg N ha−1; Moll et al., 1982). N-
use efficiency can be further sub-divided into N-uptake efficiency
(above-ground N uptake/N supply from soil N and fertilizer N; NUpE)
and N-utilization efficiency (grain DM yield/above-ground N uptake;
NUtE). The relative contributions of NUpE and NUtE to genetic varia-
tion in NUE in wheat vary according to N fertilizer management and
environment as reported in previous field studies (Ortiz-Monasterio
et al., 1997 ; Foulkes et al., 2007; Brancourt-Hulmel et al., 2003;
Muurinen et al., 2006; Barraclough et al., 2010; Le Gouis et al., 2010;
Gaju et al., 2011; Sadras and Lawson, 2013). These studies overall in-
dicated that at low N supply the genetic variation in NUE was more
usually associated with NUpE, whereas at high N supply it was more
usually associated with NUtE. We previously showed genetic variation
in NUE for 30 Indian wheat cultivars under high N and low N condi-
tions was associated with variation in both NUpE and NUtE (Nehe et al.,
2018). Therefore, understanding the physiological basis of variation in
NUpE and NUtE may offer avenues to increase NUE in wheat grown in
India and elsewhere in the world.
Physiological traits affecting genetic variation in NUpE mainly re-
late to the ability to maintain root activity during the grain-filling
period and/or regulation of N uptake by plant N status (Foulkes et al.,
2009; Hawkesford, 2014). Physiological traits reported to affect genetic
variation in NUtE in wheat include flag-leaf photosynthesis rate (Gaju
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et al., 2016), N partitioning at anthesis (Pask et al., 2012; Gaju et al.,
2014) and post-anthesis N remobilization and leaf and canopy senes-
cence kinetics (Bogard et al., 2010; Gaju et al., 2011, 2014). Genetic
variation in flag-leaf photosynthesis rate was associated with grain
yield in eight spring wheat cultivars in Mexico (Fischer et al., 1998), in
18 winter wheat cultivars in China (Jiang et al., 2003) and in 18 fa-
cultative wheat cultivars in China (Zheng et al., 2011a, 2011b). Gaju
et al. (2016) showed that pre-anthesis flag-leaf photosynthesis rate was
positively associated with grain yield amongst 15 wheat genotypes
(modern UK cultivars, synthetic-derivatives and landraces) grown in
the UK. In addition, genetic variation in flag-leaf photosynthetic rate
has been associated with flag-leaf N content (Austin et al., 1982) and
relative chlorophyll content in wheat (Gaju et al., 2014) and leaf Ru-
bisco content in rice (Hubbart et al., 2007).
In wheat, 35–42 % of the above-ground N accumulated at anthesis is
in leaf lamina, 14–20 % in the leaf sheath, 20–31 % in the stem and
16–23 % in the ear under optimal N application (Pask et al., 2012;
Barraclough et al., 2014; Gaju et al., 2014). It has been suggested that a
higher capacity for storing accumulated N in the stem internodes before
anthesis could enable the translocation of a larger amount of N to grains
without reducing plant photosynthetic capacity (Bertheloot et al., 2008;
Foulkes et al., 2009). Ears also have a capacity to store N in the pre-
anthesis period in the glumes (Lopes et al., 2006). Again, this could be a
mechanism of buffering leaf lamina senescence through the re-
mobilization of N from the glumes in the post-anthesis period (Lopes
et al., 2006).
Wheat crops remobilize N to grain during grain filling affecting final
grain yield and grain N concentration (Barraclough et al., 2010; Gaju
et al., 2011, 2014). Fifty to 95 % of grain N at harvest comes from the
remobilization of N stored before anthesis (Kichey et al., 2007). N-re-
mobilization efficiency (NRE) can be defined as the proportion of N in
the crop or crop component at anthesis which is not present in the crop
or crop component at harvest. In wheat various investigations have
found that the leaves have a higher NRE (0.73-0.76) than the stems
(0.43-0.73) and the chaff (0.56-0.73) (Zhen-Yuan et al., 1996; Barbottin
et al., 2005; Pask et al., 2012; Gaju et al., 2014); and higher N re-
mobilization has been observed under low N supply compared to high N
supply (Barbottin et al., 2005; Pask et al., 2012; Gaju et al., 2014).
Previous studies reported that genetic control of N remobilization is
linked to the regulation of leaf senescence (Masclaux et al., 2001; Uauy
et al., 2006a, 2006b). In wheat, delayed onset of flag-leaf senescence
(stay green) was associated with lower N remobilization under low N
conditions in winter wheat grown in the UK and France (Derkx et al.,
2012; Gaju et al., 2014). In sorghum, the stay-green trait has been re-
lated to the N supply-demand balance during grain filling (Van
Oosterom et al., 2010). Developing cultivars that stay-green and pho-
tosynthesize for a longer time by modifying NRE could be advantageous
to produce a higher yield. However, longer photosynthesis for same
amount N available could eventually reduce the grain N concentration
affecting grain N protein. In addition, a deeper root system can po-
tentially increase the stay-green effect by taking up more post-anthesis
N (Foulkes et al., 2009).
Grain yield (GY) and grain N concentration (GNC) are two major
targets in wheat breeding programmes, but have been difficult to im-
prove simultaneously due to the negative genetic relationship between
GNC and GY (Slafer et al., 1990; Bogard et al., 2010). The physiological
basis of this negative correlation may relate to competition between
carbon and N for energy (Munier‐Jolain and Salon, 2005) and a N di-
lution effect by carbon-based compounds (Acreche and Slafer, 2009).
Monaghan et al. (2001) suggested that deviation from the regression
line between GY and grain protein concentration (grain protein devia-
tion; GPD) could be used to identify genotypes having higher grain
protein concentration than would be expected from their GY. Previous
studies in wheat suggest GPD was related to post-anthesis N uptake
(Bogard et al., 2010) and crop N remobilization (Slafer et al., 1990;
Uauy et al., 2006a, 2006b).
In India wheat provides 50 % of the calories consumed, contributing
substantially to national food security (ICAR- IIWBR, 2019). Global
wheat production in 2018 was 735M t and in India was 99M t (FAO,
2020). India has the second highest global wheat production after
China (FAO, 2020). Previously we reported on associations between
grain yield, NUpE, NUtE and whole-crop NRE for 30 Indian cultivars in
the Peninsular zone of India. In the present paper for the same set of
cultivars we report on genetic variation in N partitioning for plant
components, flag-leaf photosynthesis rate, post-anthesis N remobiliza-
tion for plant components and flag-leaf and canopy senescence para-
meters and associations with grain yield and grain protein deviation.
The specific objective was to identify the main processes that determine
NUE, grain yield and grain protein deviation under optimal and N-
limiting conditions in Indian wheat cultivars. Two field experiments
were carried out examining 30 Indian cultivars grown under high and
low N conditions at Agharkar Research Institute, Pune, India in two
seasons.
2. Materials and methods
2.1. Experimental design and plot management
Two field experiments were conducted at the Agharkar Research
Institute farm, near Pune, India (16° 30′ N, 74° 40′ E, altitude: 557.5m)
in 2013-14 and 2015-16. The full experimental details were described
by Nehe et al. (2018). In summary, the site has a temperate climate
with mean annual rainfall of 457mm and mean annual minimum
temperature of 9 °C and maximum temperature of 36 °C. Soil mineral
analysis before planting showed N, P, K was 197, 25, 578 in 2013-14
and 142, 156, 230 kg ha−1 in 2015–16, respectively. The soil type was a
black cotton soil or Vertisol.
The experiments used a split-plot design with two replications in
2013-14 and three replications in 2015-16; the main plot treatment was
two levels of N fertilizer application and the sub-plot treatment was 30
elite Indian wheat cultivars. The sub-plot size was 2.5×1.0m in 2013-
14 and 4.5×1.5m in 2015-16. Two levels of N fertilizer treatment,
optimum or high N (HN) and low N (LN), were applied. The high N
fertilizer amount was 120 kg N ha−1 in both years: 60 kg N ha−1 was
applied at sowing and 60 kg N ha−1 at onset of stem extension (GS30,
Zadoks et al., 1974). In the low N treatment, 0 kg N ha−1 was applied in
2013-14 and 40 kg N ha−1 in 2015-16 at sowing. All N fertilizer was
applied as granules of urea (34.5 % N) and each split was applied on the
same calendar date for the 30 cultivars. All other crop inputs, including
pesticide, herbicide and fungicide inputs, and potassium, phosphate
and sulphur fertilizers, were applied at levels to prevent non-N nu-
trients or pests, weeds and diseases from limiting yield. The sowing date
was 26 November in 2013 and 2 November in 2015. The seed rate was
240 seeds m−2 in both experiments.
Thirty elite Indian spring wheat cultivars were selected to be re-
presentative of the most widely grown cultivars in the main wheat
breeding zones in India in recent years. All the cultivars were semi-
dwarfs except two tall cultivars, Kharchia-65 and BH-1146. There were
two durum wheat (Triticum turgidum subsp. durum) cultivars (PDW-
314 and HI- 8498); the remaining 28 cultivars were bread wheat
(Triticum aestivum L.) cultivars. Information about the pedigree, year of
release and breeding zone origin of the cultivars is given in
Supplementary Table 1. In each year, the crop was irrigated using a
gravity-based flood irrigation system at 15 day intervals or when irri-
gation was needed to avoid water stress.
2.2. Crop measurements
2.2.1. Developmental stages and plant height
Regular monitoring of crop growth stages was done following the
decimal code of Zadoks (Zadoks et al., 1974). In both years, date of
anthesis (GS65, AD) and physiological maturity (GS89, 50 % of
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peduncle yellow) was recorded in each sub-plot. Plant height was
measured between GS71 and GS89 from the ground level to the tip of
ear using a ruler for five randomly selected fertile shoots (those with an
ear) per sub-plot in 2014 and three fertile shoots per sub-plot in 2016.
2.2.2. Dry matter and plant N% analysis
For dry matter and N analysis, in 2014 five fertile shoots at anthesis
and 10 fertile shoots at physiological maturity were randomly selected
per sub-plot and cut at ground level. In 2016, samples at anthesis were
taken by cutting shoots at ground level in four 25 cm row-lengths giving
a sampled area of 0.25m2 per sub-plot. The fresh weight was recorded
and a sub-sample of 10 shoots was taken and the fresh weight recorded.
At physiological maturity, 12 fertile shoots were randomly selected per
sub-plot and cut at ground level.
Shoots were separated into three components: (i) ear, (ii) flag-leaf
lamina and (iii) stem, leaf sheath and remaining leaf lamina. Dry weight
of each component was recorded after drying for 48 h at 70 °C. Dried
ears at harvest were threshed by hand and grain dry weight measured
and chaff dry weight was calculated by difference. The number of fertile
and infertile shoots was counted in a 1m row length at physiological
maturity in 2014 and at anthesis and at physiological maturity in 2016.
After the samples for DM and N partitioning had been taken at
physiological maturity, the remainder of each sub-plot was bulk har-
vested by hand. The ends of the plots (to 0.25m) were removed as
discard and the rest of the plot was harvested as a bulk by cutting at
ground level. The grain was threshed using a threshing machine and
weighed and a sample of approximately 50 g grain taken for moisture
content analysis. Harvest index (grain DM / above-ground DM) was
calculated based on the measurements on the 10- or 12-shoot samples
at physiological maturity. Grain number (GN) from the 10- or 12-shoot
samples was counted manually and the thousand grain weight calcu-
lated (TGW). From these measurements, above-ground DM per m2,
grains per ear and ears per m2 were calculated.
In both years, N concentration of plant components was analyzed by
the Dumas method (Dumas, 1831). N% determination was carried out
for: i) flag-leaf lamina, ii) remaining leaf lamina and stem and leaf
sheath and iii) ears at anthesis (GS65); and for i) flag-leaf lamina ii)
remaining leaf lamina and stem and leaf sheath and chaff and iii) grain
at harvest. The dried samples were firstly milled into fine powder
(particle size< 200 μm) using a mixer-grinder mill with mechanical
modification for small quantity samples. Milled samples were then re-
dried at 80 °C for 48 h and weighed to 0.00001 g precision, en-
capsulated in tin capsules and analyzed for N%. Nitrogen Nutrition
Index (NNI) was estimated according to the ratio of the actual above-
ground crop N% at anthesis and the critical N% (N%ct), where N%ct
was estimated according to the ‘critical dilution curve’ described by
Justes et al. (1994).
N partitioning index (NPI) at anthesis was calculated as the pro-
portion of above-ground N at anthesis in the crop component at an-
thesis. Post-anthesis N-remobilization efficiency (NRE) was calculated
as the proportion of N in the crop component at anthesis which is not
present in the crop component at harvest:
NRE = (NA – NH)/NA (1)
where NRE is the N-remobilization efficiency of the crop component,
NA is the amount of N in the crop component at anthesis and NH is the
amount of N in the crop component at harvest.
Post-anthesis N uptake (PANU) was calculated as the difference
between above-ground N at harvest (AGNH) and at anthesis (AGNA). In
2014, AGNA was calculated by multiplying the above-ground N per
fertile shoot at GS65 by the ears m−2 measured at harvest, assuming
ears m−2measured at harvest was representative of values at anthesis.
(In 2016, when we carried out a direct count of ears per m2 in a 1m row
length at anthesis and harvest, there was a strong correlation between
measurements at anthesis and harvest amongst the 30 cultivars under
HN (r= 0.74, P < 0.001) and LN (r = 0.63, P < 0.001) conditions
(data not shown). In 2016, AGNA was calculated by scaling up the
above-ground N in the 5-shoot sample based on the FW ratio of the 5-
shoot sample and the 0.25m2 sample at anthesis. The N harvest index
(NHI) was calculated as the proportion of above-ground N in the grain
at harvest. Grain protein concentration (GPC) was calculated as the
grain N concentration multiplied by 5.7. The grain yield – grain protein
linear relationship and its residual deviation (grain protein deviation,
GPD) were calculated for each replicate in each environment.
Genotypic GPD values were then obtained for each N treatment and
season combination by averaging GPD values.
2.2.3. Flag-leaf photosynthesis rate and stomatal conductance
Post-anthesis flag-leaf photosynthesis measurements were taken on
two dates (7 and 23 January) in 2016 under HN conditions. Light-sa-
turated photosynthetic rate (Amax) and stomatal conductance (gs) of the
flag-leaf were measured using a Li-Cor LI-6400XT Portable
Photosynthesis System (Licor Biosciences, Lincoln, NE, USA). In each
sub-plot, a single reading on the flag-leaf of two randomly selected
fertile shoots was taken. The instrument was adjusted for humidity at
50–60 % within the cuvette and the settings for the Amax readings were:
photosynthetically active radiation (PAR) 1500 μ mol m−2s−1, sample
chamber CO2 concentration 360 μl l−1 and flow rate 400 μ mol s−1. The
measurements were taken between 10.00 and 15.00.
2.2.4. NDVI measurements
The Normalized Difference Vegetation Index (NDVI) was measured
in each experiment in each sub-plot approximately every seven days
from anthesis (GS65) until late grain-filling using a FieldScout CM 1000
NDVI Meter (Spectrum Technologies, Aurora, IL, USA). The measure-
ments were taken between 10.00 and 15.00 on clear sunny days. The
NDVI meter sensor was held 50 cm above the crop. NDVI was calculated
from measurements of light reflectance in the red and near infra-red
(NIR) regions of the spectrum as:
NDVI = (R840 – R660)/(R840 + R660) (2)
where R660 and R840 are the reflectance at 660 and 840 nm, respec-
tively.
NDVI average values from 0 to 400 °C d post-anthesis (GS65) (NDVI
pre-tt400) and from 400 to 800 °C d (NDVI post-tt400) post-GS65 were
used as indicators of canopy greenness.
2.2.5. Flag-leaf senescence parameters
Senescence kinetics of the flag leaf were assessed visually for main
shoots on five tagged plants in 2014 and for the whole flag-leaf layer in
2016 by recording the percentage green area senesced using a standard
diagnostic key based on a scale of 0–10 (100 % senesced), as described
by Gaju et al. (2011). Assessment was carried out weekly after anthesis
until full flag-leaf senescence. The data were then fitted against thermal
time from anthesis (GS65; base temperature of 0 °C) using a modified
version of an equation with five parameters consisting of a mono-
molecular and a logistic function (Génard et al., 1999) as described by
Gaju et al. (2011). The onset of post-anthesis senescence (VSOnset; °Cd)
was defined as the onset of the rapid phase of senescence and the end of
post-anthesis senescence (VSEnd; °Cd) as the thermal time when the
visual senescence score was 9.5.
2.2.6. Environmental measurements
Meteorological data were collected daily for rainfall, humidity and
minimum and maximum temperature from a meteorological station
located 100m from the field site.
2.3. Statistical analysis
Analysis of variance (ANOVA) procedures for a split-plot design
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were used to analyze N and cultivar effects and test their interaction
with year using GenStat version 18 (www.genstat.com; VSN
International Ltd, Hemel Hempsted, UK), where replicates were re-
garded as random effects and cultivars as fixed effects. A cross-season
ANOVA was applied to analyze N and cultivar effects across years and
the interaction with year, assuming N treatments and cultivars were
fixed effects and replicates and seasons were random effects. Linear
regressions were calculated to quantify associations between traits
using the 2-year cultivar means using Genstat version 18.1 (VSN
International, Hemel Hempstead UK). Bi-plot procedures to test asso-
ciations between traits were carried out using the R software Version
3.0-2 (http://www.R-project.org/). The GPC–GY linear relationship
and its residuals (grain protein deviation, GPD) were calculated for
each replicate in each N treatment using Genstat version 18.1.
3. Results
3.1. N accumulation and N partitioning at anthesis
At anthesis, flag-leaf lamina N per m2 increased from 0.76 gm−2
under LN to 1.66 gm−2 under HN conditions (P < 0.001; Table 1). The
increase under HN did not differ significantly amongst the cultivars.
Stem (stem plus leaf sheath) and remaining lamina N per m2 increased
from 4.64 gm−2 under LN to 9.1 gm−2 under HN conditions
(P < 0.001), with the increase ranging amongst cultivars from 1.74
(HI-8498) to 7.90 g N m−2 (HD-2967) (P < 0.01). Ear N at anthesis
increased from 2.85 g N m−2 under LN to 4.31 g N m-2 under HN
(P < 0.001), with increases ranging amongst cultivars from 0.34 (HI-
8489) to 3.25 g N m−2 (HD-2967) (P < 0.001). For flag-leaf N and the
stem-and-remaining leaf N per m2 the year×N×cultivar interaction
was not significant. However, for ear N per m2 the three-way interac-
tion was significant (P < 0.01) indicating cultivar responses to N
supply depended on year.
Under HN conditions, there was a positive association between
above-ground DM at anthesis and above-ground N at anthesis
(r= 0.85, P < 0.001), and also a positive association between DM
accumulation (g m−2) and N uptake (g m−2) in each plant component
(flag leaf r= 0.45, P < 0.001; stem and remaining leaf r = 0.79,
P < 0.001) and ear (r = 0.81; P < 0.001; Supplementary Table 2).
The N partitioning index (NPI) was strongly correlated with the DM
partitioning index for the respective components (r> 0.90 for all three
components, P < 0.001). The NPI was also correlated with the N up-
take in each plant component (g m−2), for the flag-leaf (r= 0.35,
P < 0.10), stem and remaining leaf (r = 0.47, P < 0.01) and ear (r =
0.53, P < 0.01). Generally, similar associations were observed be-
tween DM and N partitioning indices and N accumulation in the plant
components at anthesis under LN conditions as under HN conditions.
However, flag-leaf N uptake was more strongly associated with flag-leaf
NPI and less strongly with aboveground DM under LN conditions than
under HN conditions.
In our experiments we used the N nutrition index (NNI) at anthesis
as an indicator of the crop N stress incurred by the cultivars in the N
treatments (Justes et al., 1994). Averaging across cultivars and years,
with increasing N supply the NNI increased from 0.71 under LN to 1.11
under HN conditions. There was no evidence for a relationship between
NNI and N partitioning index across cultivars for the stem-and-re-
maining-leaf NPI or ear NPI. However, flag-leaf NPI was positively as-
sociated with NNI under LN (r2 = 0.24, P < 0.01) with a trend for a
positive association under HN conditions (r2= 0.09, P=0.09; Fig. 1).
The flag-leaf NPI decreased with N deficiency from 0.11 (HN) to
0.09 (LN) (P < 0.01); genotypes overall ranged from 0.08 (DBW-16) to
0.14 (HW 2044); but the N× cultivar interaction was not significant
(Table 1). Stem-and-remaining-leaf NPI decreased with N deficiency
from 0.61 (HN) to 0.56 (LN) (P < 0.001); and ranged amongst culti-
vars from 0.54 (RAJ-4328 and KRL-213) to 0.68 (DBW-16) under HN
and 0.52 (MACS-6222) to 0.63 (DBW-16) under LN conditions
(P < 0.001); there was a N × cultivar interaction (P = 0.08). In
contrast, ear NPI increased with N deficiency from 0.28 (HN) to 0.35
(LN) ranging overall amongst cultivars from 0.25 (BH-1466) to 0.37
(MACS-2496; P < 0.001); there was no N × cultivar interaction. Ear
NPI increased with later anthesis date under both HN (r2= 0.10,
P < 0.10) and LN (r2= 0.15, P < 0.05) conditions. In contrast, flag-
leaf NPI decreased with later anthesis date under HN (r2= 0.58) and
LN (r2= 0.36) conditions (P < 0.05). There was no change in stem-
and-remaining-leaf NPI with anthesis date.
3.2. Flag-leaf photosynthesis and stomatal conductance under HN
conditions
In 2016, light-saturated flag-leaf photosynthesis rate (Amax) and
stomatal conductance (gs) were measured post-anthesis under HN
conditions. Averaging across assessment dates, flag-leaf Amax ranged
amongst cultivars from 13.2 to 23.4 μmol m−2 s-1 (P < 0.001) and was
positively linearly related amongst genotypes with grain yield (r2 =
0.11, P= 0.08), above-ground DM at harvest (AGDMH) (r2 = 0.19,
P < 0.05) and above-ground N at anthesis (AGNA; r2 = 0.15;
P < 0.05; Fig. 2). Flag-leaf gs ranged from 0.15 - 0.42mol m−2 s−1
(P < 0.001) and also showed a positive linear association with grain
yield (r2 = 0.22, P < 0.01), AGDMH (r2 = 0.19, P < 0.05) and AGNA
(r2 = 0.15; P < 0.05; Figs. 2 and 3). There was no association amongst
cultivars between flag-leaf Amax or gs and flag-leaf specific leaf N (flag-
leaf N per unit green area; SLNA) at anthesis or with flag-leaf area (data
not shown).
Table 1
Flag-leaf N (FL NA), stem and remaining leaf N (StL NA) and ear N (Ear NA) accumulation; flag-leaf N partitioning index (FL NPI), stem and remaining leaf N
partitioning index (StL NPI) and ear N partitioning index (Ear NPI) at anthesis (GS65); and flag-leaf N (FL NH), stem and remaining leaf N and chaff (StL NH) and grain
N (Grain NH) accumulation at harvest in 30 wheat cultivars under high N (HN) and low N (LN) conditions. Values represent means in 2014 and 2016.
FL NA (g N m−2) StL NA (g N m−2) Ear NA (g N m−2) FL NPI StL NPI Ear NPI FL NH (g N m−2) StL NH (g N m−2) Grain NH (g N m−2)
HN Min 1.10 5.78 2.91 0.08 0.54 0.21 0.20 1.30 9.1
Max 2.23 11.97 6.13 0.16 0.68 0.34 0.43 2.79 16.1
Mean 1.66 9.10 4.31 0.11 0.61 0.28 0.29 1.88 13.0
LN Min 0.50 3.61 2.06 0.07 0.52 0.28 0.07 0.53 5.3
Max 1.04 6.33 4.23 0.13 0.63 0.41 0.17 1.00 8.3
Mean 0.76 4.64 2.85 0.09 0.56 0.35 0.11 0.80 7.1
SED
N (df 3) 0.07 *** 0.56 ** 0.15 ** 0.004 ** 0.01 * 0.01 ** 0.01 *** 0.06 *** 0.41 ***
Gen (df 174) 0.16 *** 0.84 *** 0.35 *** 0.01*** 0.02 *** 0.02 *** 0.03 *** 0.22 *** 0.87 ***
N*Gen (df 174) 0.23 ns 1.29 ** 0.51 *** 0.01 ns 0.03 ns 0.03 ns 0.04 *** 0.32 ** 1.30 *
Y*N*Gen (df 174) 0.33 ns 1.85 ns 0.76 ** 0.016 ns 0.042 ns 0.04 ns 0.06 *** 0.46 ns 1.96 ns
* Significance at the 5% (P= 0.05) level. **1% (P=0.01) level. ***0.1 % (P= 0.001) level. SED= standard error of the differences of the means.
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3.3. N-remobilization efficiency and association with flag-leaf senescence
and harvest traits
In these experiments grain yield ranged from 3.72 - 6.48 t ha−1
under HN and 2.95 - 4.51 t ha−1 under LN conditions (P < 0.001;
Supplementary Table 3). The grain N% ranged amongst genotypes from
2.12–2.98 under HN and 1.62–2.30 under low N conditions
(P < 0.001). Grains per m-2 ranged from 8,783 - 20,056 under HN and
7138 - 12,845 under LN conditions P < 0.001); there was a correlation
between grains m-2 and grain yield under HN (r= 0.69, P < 0.001)
and LN (r = 0.77, P < 0.001) conditions. The N × genotype inter-
action was not statistically significant for grain yield, grains per m2 or
grain N%.
Under HN conditions, N-remobilization efficiency was higher in the
flag leaf (0.82) than the remaining stem and leaf lamina (0.78). For
both plant components, NRE was increased under LN compared to HN
conditions (P < 0.01; Table 2). For flag-leaf NRE, genotypes ranged
overall from 0.71 - 0.87 and for stem-and-remaining-leaf NRE from 0.71
- 0.84 (P < 0.01), but there was no N × cultivar interaction. Bi-plots
showing associations between N-remobilization traits, N uptake, se-
nescence-related traits and grain yield and yield components under HN
and LN conditions are presented in Fig. 4. Under HN conditions, the
first two principal components (PCs) explained 62.9 % of phenotypic
variation (PC1, 43.4 % and PC2, 19.5 %). Grain yield showed a positive
association with above-ground N at anthesis and flag-leaf NRE and
stem-and remaining-leaf NRE. Higher above-ground N at anthesis was
Fig. 1. N partitioning index (NPI) at anthesis (GS65) for (a) flag-leaf lamina, (b) stem-and-remaining leaf lamina and (c) ear versus N nutrition index at anthesis for
30 wheat cultivars grown under high N (HN) and low N (LN) conditions. Values represent means across 2014 and 2016.
Fig. 2. Linear relationship between a) post-anthesis flag-leaf photosynthesis rate (Amax) and above-ground N at anthesis and b) post-anthesis flag-leaf stomatal
conductance (gs) and above-ground N at anthesis for 30 wheat cultivars under high N conditions in 2016.
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associated with later anthesis date and delayed onset and end of flag-
leaf senescence. In addition, higher flag-leaf N uptake at anthesis was
associated with delayed onset and end of flag-leaf senescence. Higher
flag-leaf NRE and stem-and-remaining-leaf NRE were also associated
with delayed flag-leaf senescence and with higher NUtE. Post-anthesis
N uptake (PANU) showed a negative association with above-ground N
at anthesis. In addition, the bi-plot showed that higher grain sink
strength as indicated by grains m−2 was positively associated with
above-ground N at anthesis and harvest and grain N uptake per m2
(P < 0.001).
Under LN conditions, the first two PCs explained 62.7 % of phenotypic
variation (PC1, 45.1 % and PC2, 17.6 %). Grain yield showed a positive
association with above-ground N at anthesis and its components (stem-
and-remaining-leaf N and ear N) and with above-ground N at harvest.
Higher flag-leaf NRE and stem-and-remaining-leaf NRE were each asso-
ciated with delayed onset and end of flag-leaf senescence. Higher flag-leaf
NRE and stem-and-remaining leaf NRE were also associated with higher
NUtE, later anthesis date and lower PANU. Later anthesis date was as-
sociated with delayed onset and end of flag-leaf senescence. The amount
of N remobilization from the stem and remaining leaf sheath (N g m−2)
showed a positive association with the onset of flag-leaf senescence under
HN (r2 = 0.35, P < 0.001) and LN (r2 = 0.23, P < 0.01) conditions.
(Fig. 5). As under HN conditions, grains m−2 was positively associated
with above-ground N at anthesis and harvest and grain N uptake per m−2
(P < 0.001). In addition, higher grains m−2 was associated with in-
creased crop NRE (r=0.39, P < 0.05).
Fig. 3. Relationship between grain yield (GY, 100 % DM) and aboveground DM (AGDM) and a) post-anthesis flag-leaf photosynthetic rate (Amax) and b) post-
anthesis flag-leaf stomatal conductance (gs) for 30 wheat cultivars under high N conditions in 2016.
Table 2
Genetic ranges in N-remobilization efficiency for the flag-leaf lamina, stem and
remaining leaf lamina and whole crop in 30 wheat cultivars under HN and LN
conditions. Values represent means across years 2014 and 2016.
Crop NRE Flag-leaf Lam
NRE
Stem+Rem Lam NRE
HN LN HN LN HN LN
Mean 0.79 0.84 0.82 0.85 0.78 0.82
Min 0.74 0.78 0.71 0.78 0.71 0.75
Max 0.84 0.87 0.87 0.89 0.84 0.86
SED
N (df 3) 0.004 ** 0.004 *** 0.010 *
Gen (df 180) 0.020 *** 0.020 ** 0.021 *
N×Gen (df 180) 0.030 ns 0.028 ns 0.030 ns
Y×N×Gen (df 180) 0.040 ns 0.042 ns 0.050 ns
* Significance at P=0.05, ** P=0.01, ***0.1 % P=0.001 levels; ns, non-
significant. SED = standard error of the differences of the means.
Fig. 4. Bi-plots for grain yield (GY), above-ground dry matter (AGDM) at harvest, harvest index (HI), grains m−2 (Grains.m.sq), flag-leaf N remobilization efficiency
(FL NRE), stem and remaining leaf lamina NRE (StL NRE), N-remobilization efficiency (Crop NRE), N-utilization efficiency (NUtE), N-uptake at harvest (NUp_H), N-
uptake at anthesis (NUp_An), post-anthesis N-uptake (PANU), flag-leaf N uptake anthesis (FL.N.An), stem and remaining leaf lamina N uptake at anthesis (StL N.An),
grain N uptake (Grain.N), flag-leaf specific N (SLN), onset of flag-leaf senescence (VSOnset), end of flag-leaf senescence (VSEnd), post-anthesis N-uptake (PANU), and
days sowing to anthesis (AD) for 30 wheat cultivars under (a) high N (HN) and (b) low N (LN) conditions. Values based on mean of 2014 and 2016.
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3.4. Post-anthesis NDVI and association with grain yield
Averaged across years, NDVI during early grain filling was higher
under HN (0.87) than under LN conditions (0.82) (P < 0.05) and
ranged amongst cultivars from 0.80 to 0.89 and from 0.75 to 0.86,
respectively (P < 0.001) (Fig. 6; Supplementary Table 4). Decreases in
NDVI under LN ranged amongst cultivars from -0.02 to 0.10
(P < 0.05). NDVI during late grain filling was again higher under HN
(0.73) than under LN conditions (0.65) (P < 0.05) ranging amongst
cultivars from 0.63 to 0.84 under HN and from 0.58 to 0.84 under LN
conditions (P < 0.001). Decreases in NDVI with N limitation ranged
amongst cultivars from -0.04 to 0.17 (P < 0.05). During early grain
filling there was no association amongst cultivars between NDVI and
grain yield under either HN or LN conditions. However, during late
grain filling there was a positive linear association between NDVI and
grain yield under both HN (r2= 0.18, P < 0.05) and low N conditions
(r2= 0.12, P < 0.05; Fig. 6).
3.5. Association between grain protein deviation, N uptake and N
remobilization
There was a negative linear relationship amongst cultivars between
grain yield and grain N% under LN conditions (r2= 0.16; P < 0.05),
but no association under HN conditions (Fig. 7a.). Grain N% was po-
sitively associated with post-anthesis N uptake (PANU) under LN con-
ditions (r2 = 0.33, P < 0.01), but there was no association under HN
conditions. The grain protein deviation was calculated as the residual
from the GY versus grain protein concentration (GPC) linear regression,
positive deviations representing higher GPC relative to grain yield than
predicted according the overall negative linear relationship between
grain yield and GPC. The GPD was positively associated with post-an-
thesis N uptake (r2= 0.31; P < 0.001; Fig. 7b) under LN conditions.
There was a trend for a negative linear association between GPD and
stem-and-remaining-leaf NRE (r2= 0.12, P=0.07), but there was no
association with flag-leaf NRE under LN conditions.
4. Discussion
Firstly, we will discuss the physiological basis of genetic variation in
N partitioning and N remobilization and their responses to N supply.
We will then consider their associations with senescence timing, grain
yield and grain protein deviation and the implications for breeding
more N-efficient crops.
4.1. Genetic variation in N partitioning in response to N availability
In these experiments later anthesis date favoured N uptake at an-
thesis under both HN and LN conditions. It is feasible that greater
above-ground N with later anthesis was associated with larger root
biomass favouring N uptake. Alternatively, a longer duration for N
accumulation may have increased N uptake. As N stress increased (as
indicated by NNI) genotypes partitioned proportionally less N to the
flag-leaf under LN conditions; and overall N limitation increased the
proportion of N partitioned to the ear and decreased the proportion
partitioned to the flag leaf. Present results therefore are generally
consistent with previous reports of N limitation favouring ear N parti-
tioning over lamina N partitioning in wheat cultivars (Pask et al., 2012;
Gaju et al., 2014).
Fig. 5. Association between onset of flag-leaf senescence (thermal time post anthesis (GS65) base temp. 0 °C) and a) flag-leaf N remobilization and b) stem and
remaining leaf lamina N remobilization for 30 wheat cultivars under high N (◼) and low N (□) conditions. Values represent means in 2014 and 2016.
Fig. 6. Linear regression of grain yield (100 % DM) on a) mean NDVI during early grain filling (0-400 °Cd (base temp. 0 °C) post-GS65) and (b) mean NDVI during late
grain filling (400-800 °C d post-GS65) for 30 wheat cultivars under high N (HN) and low N (LN) conditions. Values represent means in 2014 and 2016.
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The cultivar range in ear N partitioning at anthesis was relatively
large in the present study (0.20-0.34 HN and 0.28-0.41 L N). These
ranges were wider than those reported by Gaju et al. (2014) for ear NPI
at anthesis for 16 winter wheat cultivars of 0.21-0.27 under LN and
0.23-0.33 under HN and by Pask et al. (2012) for four winter wheat
cultivars (0.18-0.22 under HN and 0.23-0.28 under LN). The reason for
the greater genetic variation in the present study may be partly that
germplasm was selected from a wide range of wheat breeding zones
across India whereas in previous studies genotypes were selected from
cultivars grown within a more restricted geographical range in the UK
and northern France.
4.2. Genetic variation in N-remobilization efficiency and response to N
availability
Present results indicated flag-leaf NRE and stem-and-leaf NRE in-
creased slightly with N deficiency. Similar effects of N limitation in-
creasing crop NRE (Kichey et al., 2007) and stem NRE and lamina NRE
(Gaju et al., 2016) were previously reported. In the UK, Pask (2009)
reported that crop NRE for winter wheat cv. Istabraq was not affected
by N limitation, whereas in New Zealand under N limitation leaf-lamina
NRE decreased, leaf-sheath NRE was unchanged and stem NRE in-
creased. The reason for the increase in FL NRE and stem-and-leaf NRE
with N limitation in the present study may be partly associated with a
decrease in post-anthesis N uptake under LN conditions. Moreover,
there was a strong negative association amongst the cultivars between
PANU and each of flag-leaf NRE and stem-and-leaf NRE under LN
conditions, but no association under HN conditions. This suggested that
grain N was supplied to a greater extent by remobilized N from leaves
and stems under N limitation than under HN conditions. Overall cul-
tivars showed similar genetic ranges in flag-leaf lamina NRE (0.75-
0.88) and stem-and-leaf NRE (0.73-0.85) in the present study. Gaju
et al. (2014) and Pask (2009) reported generally similar ranges for la-
mina NRE (0.72-0.81) to our results for FL NRE. However, Gaju et al.
(2014) observed lower values for stem NRE at 0.48-0.61 compared to
our results for stem-and-leaf NRE; and Pask et al. (2012) also observed a
lower value for the true-stem NRE of 0.48 for cultivar Istabraq com-
pared to our results. Present results therefore indicate that stem NRE for
the spring wheat cultivars in India was higher than that observed for
winter wheat in NW Europe. The relatively low PANU in our experi-
ments may have decreased N supply (source) relative to the grain N sink
demand increasing stem N remobilization efficiency compared to the
studies on wheat cultivars in Europe.
4.3. Genetic variation in flag-leaf photosynthesis and association with yield
Present findings showed a positive association between post-
anthesis flag-leaf Amax and grain yield amongst the 30 genotypes under
high N conditions. Associations between leaf photosynthetic rate and
grain yield progress were previously reported in the last decades, e.g. in
eight spring wheat cultivars in Mexico (Fischer et al., 1998), in 18
winter wheat cultivars in China (Jiang et al., 2003) and in 18 faculta-
tive wheat cultivars in China (Zheng et al., 2011a, 2011b). As far as we
are aware this is the first time an association between flag-leaf Amax and
grain yield has been shown in spring wheat grown under irrigated
conditions in India. Driever et al. (2014), however, reported that for 64
wheat cultivars grown in the UK flag-leaf photosynthesis in the pre-
anthesis phase was not well correlated with above-ground biomass or
grain yield. Genetic variation in flag-leaf photosynthesis rate in pre-
vious work has been associated with flag-leaf N content (Austin et al.,
1982) and chlorophyll content (Gaju et al., 2016) in wheat and leaf
Rubisco content in rice (Hubbart et al., 2007). However, in our study
there was no association between flag-leaf Amax and flag-leaf specific
leaf N (SLN; N per unit area flag leaf) at anthesis. Flag-leaf SLN in the
present study ranged from 2.22 to 2.44 gm−2 (data not shown). Pask
et al. (2012) reported a break point for the relationship between SLN
and radiation-use efficiency (RUE) of ca. 2 gm−2 in wheat, above
which RUE did not increase with increasing SLN. Therefore, in the
present study the genetic range in flag-leaf SLN was on the plateau of
the SLN - RUE relationship possibly explaining why there was no as-
sociation between genetic differences in flag-leaf SLN and flag-leaf
Amax.
4.4. Relationship between N accumulation, N remobilization and senescence
duration
Our results indicated that under HN conditions higher above-ground
N at anthesis was associated with the stay-green trait (delayed start and
end of flag-leaf senescence). Higher flag-leaf NRE and stem-and-re-
maining-leaf NRE were also associated with delayed flag-leaf senes-
cence. The latter finding is in contrast to findings in winter wheat
cultivars in NW Europe were higher NRE was associated with more
rapid senescence (Gaju et al., 2016). Present results indicated that flag-
leaf NRE and stem-and-remaining-leaf NRE were both strongly corre-
lated with N accumulation at anthesis, and imply that NRE in our ex-
periments was likely a source-driven trait (Martre et al., 2003). Thus,
higher N accumulation (N supply) at anthesis favoured higher post-
anthesis N remobilization and higher NRE. Previous evidence in wheat
indicates grain N accumulation is principally driven by the availability
of N from the sources (Triboi and Triboi-Blondel, 2002; Martre et al.,
2003), defined as the total non-structural crop N at anthesis. This was
demonstrated in experiments by Martre et al. (2003) on four wheat
cultivars in which the N source–sink balance was manipulated by re-
moving the top half of the ear at anthesis. This manipulation resulted in
Fig. 7. Linear regressions of a) grain N% on grain yield under high N and low N conditions; and b) grain protein deviation on post-anthesis N uptake (PANU) for 30
wheat cultivars under low N conditions. Values represent means in 2014 and 2016.
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a significant increase in the grain N concentration, indicating grain N
accumulation was regulated by the source and not by the activity of the
grain (sink regulated). Our results showed that there was a positive
association between the amount of stem-and-remaining-leaf N (g N
m−2) remobilized and the onset of flag-leaf senescence, i.e. greater
stem N remobilization was associated with delayed senescence. This
association has not been demonstrated previously in wheat as far as we
are aware. This implied that N remobilization from the stem and lower
leaves likely buffered flag-leaf N during grain filling thus maintaining
flag-leaf green area and photosynthetic capacity.
In our experiments onset of flag-leaf senescence was positively as-
sociated with grain yield under both HN and LN conditions (Nehe et al.,
2018), i.e. delayed senescence increased grain yield. An association
between grain yield and flag-leaf senescence timing would be expected
under LN conditions where grain growth is source limited (Gaju et al.,
2011); the reasons for the association under HN conditions are not
certain but may partly relate low PANU in our study at only 13.3 kg N
ha−1. This meant grain N was supplied mainly from N remobilization as
mentioned above, which may have contributed to accelerated senes-
cence under HN conditions. The positive association between NDVI
during late grain filling and grain yield also indicates that grain growth
was likely source limited under HN conditions in these experiments.
These results could also be partly explained by the importance of cli-
matic factors in determining the balance between senescence duration
and grain yield. The impact of senescence on grain yield in our ex-
periments may have be heightened under climatic conditions where
short intervals of heat stress may have occurred during the grain-filling
period at the field site in Maharashtra.
4.5. Relationship between N remobilization, PANU and GPD
Grain yield was negatively associated with grain N% under LN
conditions, but there was no association under HN conditions. PANU
was also positively associated with grain N% under LN conditions.
These results indicated that higher PANU favoured high grain N%
under N limitation. To investigate traits that would minimize the trade-
off between GY and grain protein concentration, we calculated the
grain protein deviation (a more positive deviation representing higher
grain yield relative to GPC than predicted according the overall nega-
tive linear relationship between grain yield and GPC) under LN con-
ditions. For the first time we have shown that the GPD was positively
associated with PANU in spring wheat under irrigated conditions in
India. The positive association with PANU may indicate that higher
PANU buffered N remobilization from the leaves and stem thus main-
taining post-anthesis photosynthetic capacity and grain yield. Bogard
et al. (2010) also showed an association between GPD and the PANU in
27 winter wheat cultivars in northern France. The impact of PANU on
GPD for winter wheat in the UK was also demonstrated by Monaghan
et al. (2001). The genetic differences in GPD we observed might
therefore be related to differences in rooting depth and/or the ability to
maintain root activity during the grain-filling period influencing PANU.
Our results showed no significant association between flag-leaf NRE
or stem-and-remaining-leaf NRE and GPD. Other studies have shown
that increasing N remobilization by accelerating senescence (Uauy
et al., 2006a, 2006b) or increasing N accumulation before anthesis
while maintaining high remobilization efficiency (Slafer et al., 1990)
may increase GPC without reducing GY. However, similar to the present
study Bogard et al. (2010) found no association between N re-
mobilization and GPD. Overall our results suggested that in the Pe-
ninsular zone of India the main physiological trait underlying GPD re-
lated to post-anthesis N uptake. As mentioned above, rooting traits such
a steeper nodal root angle which are related to deeper roots (Manschadi
et al., 2008, 2010) may therefore be relevant to higher GPD.
4.6. Conclusions
Our results showed that identifying genotypes with improved N
uptake at anthesis and flag-leaf photosynthetic rate will be important in
future strategies to increase GY in wheat breeding programmes in India
under optimal N levels. Our results also indicated that identifying
genotypes with improved post-anthesis N uptake and stay-green traits
will be important to increase grain yield and GPD in wheat breeding
programmes in India under low to moderate N levels. Field screening
for physiological traits such as crop N uptake and stay-green properties
in wheat can be laborious and time-consuming. Present results sug-
gested NDVI offers promise as a ground-based spectral reflectance index
for screening large numbers of genotypes for senescence and grain yield
in Indian wheat cultivars. NDVI provides an objective measure of se-
nescence and there is scope for the deployment of spectral reflectance
indices using unmanned aerial vehicles for high-throughput stay-green
phenotyping in breeders’ plots (Araus and Cairns, 2014; Shi et al.,
2016). Further studies are required combining genetics and physiology
to identify the location of QTLs for senescence-timing traits and PANU
linked to NUE and to better understand the way in which alleles asso-
ciated with these QTL may promote substantial differences in NUE and
GPD in spring wheat.
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